The complete degradation of cellulose to glucose is essential to carbon turnover in terrestrial ecosystems and to engineered biofuel production. A rate-limiting step in this pathway is catalyzed by beta-glucosidase (BG) enzymes, which convert cellulobiose into two glucose molecules. The activity of these enzymes has been shown to vary with solution pH. However, it is not well understood how pH influences the enzyme conformation required for catalytic action on the substrate. A structural understanding of this pH effect is important for predicting shifts in BG activity in bioreactors and environmental matrices, in addition to informing targeted protein engineering. Here we applied molecular dynamics simulations to explore conformational and substrate binding dynamics in two well-characterized BGs of bacterial (Clostridium cellulovorans) and fungal (Trichoderma reesei) origins as a function of pH. The enzymes were simulated in an explicit solvated environment, with NaCl as electrolytes, at their prominent ionization states obtained at pH 5, 6, 7, and 7.5. Our findings indicated that pH-dependent changes in the ionization states of non-catalytic residues localized outside of the immediate active site led to pH-dependent disruption of the active site conformation. This disruption interferes with favorable H-bonding interactions with catalytic residues required to initiate catalysis on the substrate. We also identified specific non-catalytic residues that are involved in stabilizing the substrate at the optimal pH for enzyme activity. The simulations further revealed the dynamics of water-bridging interactions both outside and inside the substrate binding cleft during structural changes in the enzyme-substrate complex. These findings provide new structural insights into the pH-dependent substrate binding specificity in BGs.
Introduction
Beta-glucosidases (BGs) catalyze the cleavage of the 1-4 beta-linkage of cellulobiose (or cellobiose), a glucose dimer, to produce two glucose molecules (Singhania et al., 2013) . This cleavage is a rate limiting step in the complete degradation of cellulose to glucose (Singhania et al., 2013; Jeng et al., 2011) . A comprehensive understanding of the functional dynamics of BGs under different aqueous conditions is needed to predict the contributions of these enzymes to terrestrial carbon fluxes (Wieder et al., 2013; Knight and Dick, 2004; Mariscal-Sancho et al., 2010) and in engineered biofuel production from lignocellulosic wastes (Singhania et al., 2013; Teugjas and Väljamäe, 2013; Jørgensen et al., 2007; Percival Zhang et al., 2006) . Both in natural environments and in engineered bioreactors, BGs are exposed to various aqueous pH values, ranging from acidic to alkaline conditions (Zimmerman et al., 2011; Acosta-Martínez and Tabatabai, 2000; Lauber et al., 2009; Lan et al., 2013) . Because enzymes are comprised of ionizable amino acid residues, pH impacts their conformation, structural stability, and catalytic activity (Creighton et al., 1993) .
A large diversity of pH-activity profiles exists for BGs of different origins, and even within the same species (Schomburg et al., 2013) . For instance, maximum enzymatic activities of BGs from the anaerobic bacterium Clostridium cellulovorans (Jeng et al., 2011) , the fungi Aspergillus aculeatus (Murao et al., 1988) and Trichoderma reesei (Jeng et al., 2011) , and the insect Chilo suppressalis (Zibaee et al., 2009 ) occur, respectively, at pH values of 6, 3, 6, and 9. A mechanistic basis for the relationship between enzyme structure and pH-induced effects on BG activity is lacking. In the present study, we seek to explore this relationship in two enzymes belonging to the family 1 of BGs (Jeng et al., 2011) , one from the bacterium C. cellulovorans and one from the fungus T. reesei, which have well defined crystal structures. Both of these enzymes have been shown experimentally to exhibit optimal catalytic activity at pH 6, with decreased activity at higher and lower pH values (Jeng et al., 2011) . The catalytic action on the substrate in family 1 BGs has been well characterized but the structural dynamics underlying the pH-dependent substrate specificity have not been fully examined.
Catalysis in family 1 BGs is mediated by two Glu residues: an acidic/basic Glu residue and a nucleophilic Glu residue (Scheme 1). Protonation of the linking C1-C1 0 O atom (O1) of the substrate by the acidic/basic Glu residue (Glu166 bacterial / Glu165 fungal ) sets the stage for a nucleophilic attack by the other catalytic Glu residue (Glu352 bacterial /Glu367 fungal ) on the C1 of the substrate (Jeng et al., 2011; Vuong and Wilson, 2010; Badieyan et al., 2012) (Scheme 1; Fig. 1) . A transition state facilitates the splitting of the C1-C1 0 link while retaining a covalent bond with the nucleophilic Glu (Vuong and Wilson, 2010) (Scheme 1). The reaction is completed by the release of the cleaved part of the substrate following the de-glycosylation step (Scheme 1). The initiation of the catalytic action is mediated by a H-bonding interaction between the substrate O1 and the acidic/basic Glu (Jeng et al., 2011; Badieyan et al., 2012) . Thus, the disruption of this H-bonding interaction would impede forward catalytic steps. The effect of pH on this key interaction has not been determined.
The nucleophilic Glu residue plays an integral role in stabilizing the intermediate state in the hydrolysis reaction (Vuong and Wilson, 2010) but its role in substrate binding is unresolved. In structures of BGs co-crystallized with substrates in the active site (Jeng et al., 2012; Chuenchor et al., 2011) , the nucleophilic Glu has adopted an orientation that can facilitate the formation of a H-bond with the H atom connected to the O2 (i.e. H O2 ) of the substrate. This H-bond could thus aid in orienting the substrate towards a favorable interaction with the catalytic acidic/basic Glu. However, due to the geometry of the nucleophilic GluÁ Á ÁH O2 H-bond, this bond would have to be broken prior to the nucleophilic attack by the Glu on the C1 of the substrate in the second catalytic step (Scheme 1) Withers et al., 1992 . Therefore, a strong interaction between the nucleophilic Glu and H O2 could impede catalysis. The occurrence of this interaction during pH-dependent structural changes in the enzyme remains to be elucidated.
In addition to the catalytic Glu residues, the substrate binding cleft has several non-catalytic amino acid residues, which are highly conserved in family 1 BGs ( Fig. 1) : an Asn (Asn165 bacterial /Asn164 fungal ) residue that immediately precedes the acidic/basic catalytic Glu residue, a Gln residue (Gln20 bacterial / Gln16 fungal ) and a Glu residue (Glu406 bacterial /Glu424 fungal ) that form two H-bonds with the substrate, a Tyr residue (Tyr296 bacterial /Tyr298 fungal ) that participates in the removal of the bound intermediate, a His residue (His121 bacterial /His119 fungal ) that mediates the initial binding of the substrate, and a Trp residue (Trp407 bacterial /Trp425 fungal ) ( Fig. 1 ) Badieyan et al., 2012 . These non-catalytic residues have been evaluated for their individual energetic contributions to the catalytic hydrolysis (Badieyan et al., 2012) . However, similar to the catalytic Glu residues, the involvement of the conserved non-catalytic residues in the substrate binding of family 1 BGs under unfavorable pH conditions has not yet been investigated.
It is widely accepted (Badieyan et al., 2012; Chuenchor et al., 2011; White and Rose, 1997; Vocadlo and Davies, 2008; Wang et al., 2011) that water plays an essential role in the BG hydrolysis pathway by stabilizing the active site-bound substrate and intermediate as well as participating in interactions that mediate the release of the final product. It is challenging to capture directly the dynamics of water molecules in enzyme-substrate interactions via experimental means. Consequently, the role of water in the stabilization of the substrate (Chuenchor et al., 2011) and the intermediate (Badieyan et al., 2012) has been inferred from the positioning of O atoms in X-ray crystal structures. For instance, the geometry of a BG co-crystallized with a glucose polymer suggested that amino acid residues outside of the immediate active site can interact with the substrate through water bridges (Chuenchor et al., 2011) . A quantum mechanics (QM) analysis has demonstrated that water molecules are especially important in the thermodynamically-favorable binding of the intermediate during BG hydrolysis (Badieyan et al., 2012) . Studies on the dynamic role of water interactions in mediating pH-dependent substrate binding are lacking.
We hypothesize that pH-dependent substrate specificity in BGs may result from three main phenomena: (1) changes in ionization states in amino acid residues in the substrate binding pocket alter substrate-binding interactions, (2) pH-induced changes in the ionization states of non-active site residues lead to conformational changes in the active site, and/or (3) changes in enzyme conformation disrupt stabilization by water interactions.
Previous mutagenesis studies have shown that non-catalytic residues of BGs and of other similar classes of enzymes can impact enzyme activity and substrate specificity (Kaper et al., 2002; Huber et al., 2001; Wang et al., 2005) . In support of the second hypothesis presented above, a study on the effects of site-directed mutagenesis on the pH-activity profile of a cellulase from T. reesei (Wang et al., 2005) reported that mutations in certain amino acid residues on the surface of the enzyme can result in up to 0.6 unit decrease or up to a 1.4 unit increase in the optimal pH for enzyme activity. The mechanisms responsible for these pH shifts for optimal activity were not resolved. In another study on an exocellulase from T. reesei (Wohlfahrt et al., 2003) , mutations of carboxyl-carboxyl pairs into amide-carboxyl pairs led to increased activity of the enzyme at higher pH (Wohlfahrt et al., 2003) . It was proposed (Wohlfahrt et al., 2003) that the deprotonated carboxyl-carboxyl pairs, which would repulse each other, reduced the stability of the enzyme and impede activity at high pH; thus, substituting an amide group for one of the interacting carboxyls would reduce the repulsion, increase stability, and augment activity. The implication of this change in stability on the pH-dependent catalytic binding dynamics was not evaluated.
In silico methods, via both QM and molecular dynamics (MD) simulations, have been applied to analyze reaction mechanisms and reaction pathways in enzyme catalysis (Monard et al., 2003; Senn and Thiel, 2007; Karplus and Kuriyan, 2005) . Previous QM molecular modeling of every step along the BG catalytic pathway identified specific amino acids that stabilize the substrate binding at various points during the enzymatic action (Badieyan et al., 2012; Wang et al., 2011) . The influence of pH on the catalytic substrate binding in the BG active site, however, has not yet been studied. Performing MD simulations circumvents the limitation of QM studies to capture the conformational dynamics of enzyme structures as a function of changes in pH (Machuqueiro and Baptista, 2007; Bürgi et al., 2002; Langella et al., 2004; Tan et al., 2005; Machuqueiro and Baptista, 2008) . For instance, a MD study (Tan et al., 2005) of a proteinase in response to different ionization states of non-catalytic residues in the active site reported pH-dependent binding site perturbations that may be responsible for the experimentally-obtained pH activity profile (Tan et al., 2005) . With respect to BGs, one MD study investigated the binding dynamics of several known inhibitors whereby the inhibitors assumed different protonation states (Zhou et al., 2006) . To the best of our knowledge, the structural dynamics underlying the pH-dependent BG catalytic action on the substrate have not been characterized.
Building on these previous experimental and modeling studies, the present study adopts an in silico approach to explore the structural factors responsible for the pH-dependent substrate binding dynamics in the two aforementioned family 1 BGs from C. cellulovorans and from T. reesei. We aim to (1) identify the active site and non-active site amino acid residues responsible for changes in the enzyme's ionization states as a function of pH, (2) determine the consequence of these changes on the favorable substrate binding required for catalysis, and (3) explore the participation of solvated waters in mediating substrate binding. To meet these objectives, we applied a methodology that combined molecular docking, energy minimization (EM), and MD algorithms, to conduct molecular simulations of the two enzymes in an explicit solvated environment at different pH values (pHs 5, 6, 7, and 7.5). We explored the dynamics of the docked substrate in the active site and monitored interactions with catalytic residues as well as non-catalytic residues (Badieyan et al., 2012) . In addition, the explicit solvation approach allowed us to monitor the dynamic role of water molecules both in solvating the substrate and in bridging interactions between the substrate and the enzyme. Our MD-equilibrated structures thus provide mechanistic insights towards elucidating the link between experimentally-determined pH-dependent activity and pH-induced structural changes in BGs.
Computational methods

Modeling platform
Molecular simulations were performed using the forcefield CHARMm (Chemistry at HARvard Molecular Mechanics) (Brooks et al., 1983) , as interfaced in Accelrys's Discovery Studio software package (Software Inc., 2013) or the open source molecular dynamic software GROMACS (GROningen MAchine for Chemical Simulations) (Hess et al., 2008) . The CHARMm forcefield was previously validated (Brooks et al., 1983 (Brooks et al., , 2009 ) for simulating the structures of peptides and proteins. Short-time (up to 2 ns) and long-time (up to 200 ns) were performed, respectively, on local Dell Precision T7610 machines and on the high-performance computer resource Stampede located on EXSEDE (Extreme Science and Engineering Discovery Environment) (Towns et al., 2014) .
Validation simulations of a termite BG
As a pre-requisite to performing the simulations of the bacterial (C. cellulovorans; PDB ID 3AHX) (Jeng et al., 2011) and fungal (T. reesei; PDB ID 3AHY) (Jeng et al., 2011) BGs, we developed a methodology for docking and simulating the substrate in the active site ( Fig. 2 ). Because no structural data are available for a substrate in the active site of the bacterial and fungal BGs of interest, we validated our methodology using the structure of another family 1 BG of termite origin (Neotermes koshunensis; PDB ID 3VIL) (Jeng et al., 2012) ; this termite BG was crystallized with a substrate surrogate (salicin) in its active site.
For the modeling validation, the ionization states of the residues of the termite enzyme were simulated at the same aqueous conditions (pH 7.25, 0.15 M NaCl) (Jeng et al., 2012) used for the protein's crystallization by using an algorithm (Spassov and Yan, 2008) as implemented in Discovery Studio (Spassov and Yan, 2008) . In order to compute the prominent ionization states of each amino acid residue, this algorithm assesses the local environment of each residue with respect to other residues in the protein structure and the degree of exposure of the residue. Before the substrate docking, the residue Glu402 termite (Jeng et al., 2012 ) was manually deprotonated to reflect the known catalytic ionization state of the nucleophilic base (Vuong and Wilson, 2010) . The substrate (salicin) was docked into the active site of the enzyme using the CHARMm docking software CDOCKER (Wu et al., 2003) . The interaction sphere (radius of 7 Å) was defined to include the residues, which were shown to interact with the substrate in the crystal structure (Jeng et al., 2012) . The additional docking parameters were the following: pose cluster radius = 0.1, random conformations = 10, dynamic steps = 1000, and simulated annealing heating to 700 K and then cooling to 300 K over 2000 steps. The lowest-energy configurations were compared to the atomic coordinates of the original X-ray structure (Jeng et al., 2012) whereby successful dockings were evaluated by the conventional standard of Root Means Square Deviation (RMSD) of less than 2.0 Å (Roche et al., 2001; Verdonk et al., 2003) . The docked substrate had an RMSD of 0.382, which met the criteria for a successful docking ( Supplementary Table S1 ).
To achieve the background ionic solution (0.15 M) in the solvated 3VIL protein with the docked substrate, the solvation algorithm in Discovery Studio implemented the Na and Cl ions were implemented to both balance charges on the enzyme and randomly in the solvated simulation box. The solvated system was subjected to two EM cycles (1000 maximum steps each), heated simulation (300 K for 4 ps at 1 fs time step), a MD equilibration run (for 10 ps at 2 fs time step) before the final MD run (1 ns at 2 fs time step), from which data were retrieved. The modeling parameters used in the Discovery Studio were the following: NPT (constant pressure and temperature) ensemble with a Nose-Hoover thermostat to set the temperature and a Langevin piston for the pressure simulation; cutoff for nonbonded interactions was 14 Å; bonds involving hydrogen atoms were fixed; the TIP3P water model was used with the CHARMm forcefield.
Six H-bonding interactions between the substrate and the enzyme, which were deduced from the crystal structure of the active site (Jeng et al., 2011) , were monitored throughout the simulations. The MD-predicted values for these H-bond distances were within one standard deviation of the experimental values (Jeng et al., 2012) ( Supplementary Table S1 ). Thus, though this exercise, we validated that our modeling methodology could replicate appropriate configurations of the enzyme to facilitate favorable active site-substrate interactions in an aqueous condition very similar to our systems of interest.
Molecular simulations of the bacterial and fungal BGs
Following the successful development and validation of our methodology, we employed a similar workflow to simulate the conformational and substrate binding dynamics of the bacterial and fungal BGs enzymes at the optimal pH for catalytic activity of these enzymes, pH 6, as well as at pHs 5, 7, and 7.5 ( Fig. 2 ). After the enzymes were retrieved from the PDB database, they were prepared at each pH according to the aforementioned algorithm (Spassov and Yan, 2008) . Once the most prominent protonation states of the amino acid residues were determined at each pH, they were not allowed to fluctuate over the course of the simulations while taking into account changes in intrinsic pK a values as a function of conformational dynamics during the simulation. We acknowledge that this approach does not account for the simultaneous ensemble of (less prominent) protonation states that can exist in equilibrium at a given pH (Machuqueiro and Baptista, 2007; Bürgi et al., 2002; Machuqueiro and Baptista, 2008; Baptista et al., 2002; Dlugosz and Antosiewicz, 2004; Campos et al., 2010) . The focus of our study was to simulate the enzyme at its most probable ionization state under each pH condition.
In order to model the known starting catalytic ionization states (Jeng et al., 2011) , the nucleophilic Glu residue important for catalysis (Glu352 bacterial /Glu367 fungal ) was deprotonated and the acidic/basic Glu residue (Glu166 bacterial /Glu165 fungal ) was protonated (Teugjas and Väljamäe, 2013) . Because these two enzymes were not crystallized with a substrate bound to the active site, it was necessary to obtain first the conformation required to accommodate the substrate. We achieved this conformation by overlaying the active site residues of each enzyme (3AHX and 3AHY) onto the termite (3VIL) active site, which was crystallized around a substrate analog (salicin). This superimposition was executed by creating tethered atom pairings between the atoms of the termite BG enzyme and those of each of the BG enzyme being studied.
Specifically, a carbons of the 12 active site amino residues as well as the carboxylate moiety of the nucleophilic Glu were paired. Subsequently, the atom pairings were subjected to a geometry optimization step by minimizing the sum of the squared distances between all of the pairs. The initial orientation of the substrate (salicin) in both the bacterial and fungal active sites was informed by the binding orientation obtained with the crystal structures of the termite BG (Jeng et al., 2012) ; our simulations were performed with salicin, a commonly-used substrate analog of the natural substrate cellobiose, because experimental studies of the relationship between pH and enzymatic activity for both enzymes were conducted with salicin (Jeng et al., 2011) . All systems were then solvated in a 0.1 M NaCl solution with explicit water molecules in a periodic environment. These solvated systems were subjected subsequently to a series of EM and MD series, as previously described, consisting of two minimization steps, a heating step, a preliminary MD equilibration step, followed by a 2 ns MD production step used for analysis. Fig. 2 . Modeling workflow for obtaining preliminary structures of a BG in a hydrated environment: (A) downloaded X-ray structure of enzyme was prepared at a specific pH, (B) preliminary determination of interaction region of substrate (shown by gray sphere), (C) docking of substrate (shown in yellow), and (D) view of the hydration of system using explicit solvated water molecules in a NaCl solution (Na and Cl ions are represented as purple and green spheres, respectively). The secondary structure of the enzyme is portrayed in red for alpha helices, blue for beta-sheets, and green for loops.
Acknowledging, that longer simulations are customary in molecular dynamics studies, we have conducted longer MD simulations (up to 200 ns) for the systems. Following the 2 ns MD production step detailed above, the systems were subjected to an additional 2 ns MD equilibration step and a 200 ns MD production step. These latter simulations (time step = 2 fs) were run in a NPT ensemble using a pressure-coupled thermostat (Parrinello-Rahman barostat) and a distance of 1.4 nm for coulombic and Van der Waals interaction cutoffs. Throughout the course of the 200-ns MD run in several of the systems, we found that the substrate migrated outside of the substrate binding cleft, interacted with residues on the external periphery of the active site, and became increasingly solvated by water molecules (Supplementary Figs. S1 and S2). We attributed this phenomenon to the destabilization of unfavorable substrate binding interactions with the active site residues when the simulations are too long. Therefore, extended MD simulation time was not an appropriate approach here to examine the substrate binding structures across both favorable and unfavorable pH conditions wherein the enzyme conformations are not always optimal for substrate binding. In fact, it is this pH-dependent unfavorable substrate binding that we are investigating in this study. The analysis of the migration of the substrate away from the active site was beyond the scope of the present study but will be investigated in the future. The shorter simulation period chosen for analysis allowed us to probe specifically pH-dependent substrate binding with both catalytic and non-catalytic residues in the active site substrate remained in the active site for all the investigated pH conditions.
Analysis
Mapping of the hydrophobic and hydrophilic regions on the enzyme was carried out using the last MD-optimized configuration. Hydrophobic surface mappings were generated using Discovery Studio algorithms that calculate the hydrophobic sections of the enzyme based on the chemical properties of each residue, as well as the chemical properties of the neighboring atoms. We monitored the dynamics of H-bonding interactions between the substrate and water molecules using Discovery Studio's experimentally-validated (Baker and Hubbard, 1984; Bissantz et al., 2010) algorithm for non-bonding interactions to capture any potential H-bonding by setting a maximum H-acceptor distance of 3.1 Å and a range of donor-H-acceptor angles between several angles (all between 90 and 180 degrees). A more selective criteria (distance < 2.8 Å and angles between 120 and 180 degrees) were applied to substrate-active site interactions to screen for stronger interactions. For statistical analysis, the simulation results were divided into 200 ps segments in order to obtain the mean and standard deviation of the presence of an interaction throughout the simulation. Statistical significance was determined using an unpaired two-tailed t-test comparison. Co-occurrence correlations between multiple interactions were analyzed using a Pearson's test, followed by a screening for significance using a p-value (p < 0.05) adjusted for multiple hypotheses and for a correlation strength of an R greater than or equal to 0.15. Finally, we performed a RMSD analysis to explore the pH-dependent structural dynamics at the level of amino acid residues in the enzyme. The amino acid residues of interest were those that underwent a change in ionization states and those involved in catalytic, non-catalytic, and water-bridging interactions. For each residue of interest, we monitored the RMSD in distance from residue's starting position for each frame in the final MD run. A Pearson's correlation test of the RMSD fluctuations determined whether the residues were moving away from their original position at statistically-significant similar or distinct times. After the threshold for significance was adjusted to account for the number of correlation pairs tested, all non-significant correlations values were removed.
Results
pH-dependent changes in ionization states
Several amino acid residues in both enzymes underwent changes in their prominent ionization states when the enzymes were subjected to increasing pH conditions (Table 1 ). In the bacterial enzyme, four amino acids (one Asp and three Glu) became negatively charged and one His went from being positively-charged to being neutral from pH 5 to pH 6, one Glu residue became negatively charged and two His residues became neutral from pH 6 to pH 7, and one Glu became negatively charged and one His became neutral from pH 7 to pH 7.5 (Table 1 ). In the fungal enzyme, seven amino acids (four Asp and three Glu) became negatively charged from pH 5 to pH 6, one Asp became negatively charged and one His became neutral from pH 6 to pH 7, and three His residues went from being positively charged to neutral from pH 7 to pH 7.5 (Table 1) . Therefore, the bacterial enzyme gained five negative charges from pH 5 to pH 6 and two additional ones from pH 6 to pH 7.5; the fungal enzyme gained 7 negative charges from pH 5 to pH 7 and five additional ones from pH 6 to pH 7.5 (Table 1) .
Except for Glu409 bacterial , all the amino acid residues that underwent a change in their ionization states were located outside of the substrate-binding cleft. It is important to note, as stated in Section 1, that pH 6 is the optimal pH for enzyme activity for the two enzymes, with decreased activity recorded at pH values lower and higher than pH 6 (Jeng et al., 2011) . Surface mappings of the hydrophobic and hydrophilic regions of each enzyme illustrated the consequence of the pH-dependent changes in the ionization states on the conformation of the substrate-binding cleft ( Fig. 3 and Supplementary Fig. S3 ). Noticeably, the overall hydrophilic nature of the substrate-binding cleft persisted under all four pH conditions, which is consistent with the lack of major changes in the ionization states of active site residues at the different pH conditions. However, this did not preclude structural changes in the substrate-binding pocket, as shown in Fig. 3 . These conformational changes around the active site may induce disruption of favorable substrate binding dynamics required for catalysis in the BG Table 1 List of amino acid residues with pH-dependent ionization states in the bacterial and fungal BG enzymes.
Enzyme
Ionizable residue pH 5 pH 6 pH 7 pH 7.5 enzymes. We explored these changes in binding dynamics in the following sections.
pH-induced changes in substrate interactions with catalytic and non-catalytic residues
As discussed in Section 1, the hydrolytic catalysis is initiated by an interaction between the acidic/basic Glu (Glu166 bacterial /Glu165 fungal ) and the substrate O1 atom (Jeng et al., 2011; Badieyan et al., 2012) . The simulations with the bacterial enzyme revealed that the catalytic Glu166 bacterial Á Á ÁO1 interaction was the most abundant at pHs 6, 7, and 7.5 but occurred significantly less at pH 5 than at pH 6 ( Fig. 4) . We also observed that the occurrence frequency of the H O2 Á Á ÁGlu166 bacterial interaction followed a similar pattern as the catalytic interaction Glu166 bacterial Á Á ÁO1, peaking around pH 6 and then decreasing at higher and lower pH values (Fig. 4) ; this trend is analogous to the experimental pH-activity profile (Jeng et al., 2011) .
With the fungal enzyme, the catalytic Glu165 fungal Á Á ÁO1 interaction in the fungal enzyme was the highest at the pH values of 6 and 7; and, the abundance of the interaction at the enzyme's optimal pH of 6 was statistically higher than at pH 5 or pH 7.5 (Fig. 5) . The H O2 Á Á ÁGlu165 fungal interaction occurred at a higher abundance at the catalytically-optimal pH of 6 than at the other pH values. This interaction correlated strongly with the occurrence of the catalytic Glu165 fungal Á Á ÁO1 interaction (Fig. 5 ). These findings with both enzymes indicate that the catalytic H-bond between the carboxylic acid moiety of Glu166 bacterial /Glu165 fungal and the substrate O1 atom was stabilized by a H-bond between the carbonyl group of the Glu residue and the OH group adjacent to O1 of the substrate (Figs. 4 and 5) . In sum, the substrate interaction dynamics with the acidic/basic Glu residue in the fungal enzyme that mirrored more the experimental pH activity profile than the corresponding dynamics with the bacterial enzyme (Jeng et al., 2011) .
We also monitored pH-dependent changes in the substrate interactions with other residues in the substrate-binding cleft. First, we investigated the interactions with the nucleophilic Glu (Glu352 bacterial /Glu367 fungal ), whose interactions during substrate binding are not well understood. In the MD simulations of the bacterial BG, the abundance of the nucleophilic Glu interaction, H O2 Á Á ÁGlu352 bacterial , exhibited the same trend as the catalytic Glu166 bacterial Á Á ÁO1 interaction: minimal abundance at pH 5, highest abundance at pH 6, and statistically similar abundance at pH 7 and pH 7.5 (Fig. 4) . Furthermore, the Pearson's test for co-occurrence correlation revealed that the presence of the H O2 Á Á ÁGlu352 bacteiral interaction (or the presence of a pair of interactions that included the H O2 Á Á ÁGlu352 bacterial ) correlated with the occurrence of the catalytic Glu166 bacterial Á Á ÁO1 interaction at pHs 5, 6, and 7 (SI, Table S2 ). On the other hand, in the simulations of the fungal enzyme, there was no correlation between the pH-dependent trend of the frequency abundances of the nucleophilic Glu interaction (H O2 Á Á ÁGlu367 fungal ) and the acidic/basic Glu interaction (Glu165 fungal Á Á ÁO1) (Fig. 5 ). The decoupling of these two interactions was especially evident at pH 7 and 7.5 where the H O2 Á Á ÁGlu367 fungal was highly abundant whereas there was little to no occurrence of the Glu165 fungal Á Á ÁO1 interaction at these pH values. Correlation analysis confirmed this lack of significant co-occurrence of these interactions ( Supplementary Table S2 ).
In addition to the two catalytic Glu residues, we examined the pH-dependent dynamics of substrate interactions with non-catalytic active site residues (Figs. 4 and 5; Supplementary  Figs. S4 and S5 ). As listed in the Introduction, the relevant non-catalytic residues (Gln20 bacterial /Gln16 fungal , Glu406 bacterial / Glu424 fungal , Tyr296 bacterial /Tyr298 fungal , His121 bacterial /His119 fungal , and Trp407 bacterial /Trp425 fungal ) are highly conserved in the substrate binding cleft of family 1 BGs (Badieyan et al., 2012) (Figs. 4 and 5) . In addition to these residues, our MD simulations captured the participation of substrate interactions with two others: a Trp (Tp399 bacterial /Trp417 fungal ) and a Glu/Asp (Glu409 bacterial / Asp427 fungal ) (Figs. 4 and 5; Supplementary Figs. S4 and S5 ). We specifically examined the pH dependence of these non-catalytic interactions and their co-occurrence or lack thereof with the key catalytic interaction involving the acidic/basic Glu (Glu166 bacterial Á Á ÁO1 and Glu165 fungal Á Á ÁO1).
In the bacterial enzyme, the Trp399 bacterial Á Á ÁO4 interaction occurred at higher abundance at pH 5 than at pHs 6, 7, and 7.5; this pattern was inversely related to the trend of the catalytic Glu166 bacterial Á Á ÁO1 interaction (Fig. 4) . The frequency of another interaction, H O4 Á Á ÁGlu406 bacterial , was the lowest at the optimal pH 6 ( Fig. 5) , thus also occurring at the inverse trend of the interaction with catalytic residue. With the fungal enzyme, the MD simulations reflected a similar abundance pattern for the corresponding non-catalytic interaction (Fig. 6) . The Trp417 fungal Á Á ÁO4 interaction, which was absent in the simulations at pHs 6 and 7 (the two pH conditions that had the highest occurrence of the catalytic Glu165 fungal Á Á ÁO1 interaction) was also inversely correlated with the catalytic interaction (Fig. 5 ). In addition, we found that the Gln16 fungal Á Á ÁO4 interaction occurred statistically less at pH 6 than at the other pH conditions (Fig. 5) . The Asn164 fungal Á Á ÁO2 interaction displayed a similar frequency pattern to that of the nucleophilic Glu interaction (H O2 Á Á ÁGlu367 fungal ), with high abundances at pH 7 and 7.5. An inverse pattern was observed for the occurrence of the His119 fungal Á Á ÁO2 interaction, which was much lower at pH 7 and 7.5 than at pH 5 and pH 6 ( Fig. 5 ).
The following interactions, which were statistically different at pH 6 when compared with the other pH values, exhibited no clear trend: His121 bacterial Á Á ÁO2, His121 bacterial Á Á ÁO3, Gln20 bacterial Á Á ÁO4, Trp407 bacterial Á Á ÁO3, H O6 Á Á ÁGlu409 bacterial , and Tyr298 bacterial Á Á ÁO1 for the bacterial enzyme; and, Trp425 fungal Á Á ÁO3, His119 fungal Á Á ÁO3, and H O6 Á Á ÁAsp427 fungal for the fungal enzyme ( Supplementary  Figs. S4 and S5) . The pH-dependent significance of these latter interactions with respect to the catalytic interactions could not be resolved. A noticeable general trend in both the bacterial and fungal BG simulations at pH 6 was the abundance discrepancy between the catalytic interactions, which occurred during 22% and 17% of the total simulation time, compared to several non-catalytic interactions, which were observed in nearly every simulation frame ( Supplementary Figs. S4 and S5) . Specifically, His121 bacterial Á Á ÁO2, His121 bacterial Á Á ÁO3, and Trp407 bacterial Á Á ÁO3 as well as H O4 Á Á ÁGlu424 fungal , Gln16 fungal Á Á ÁO2, and His119 fungal Á Á ÁO3 were relatively abundant across all pH conditions.
pH-dependent involvement of solvated waters in substrate binding dynamics
We investigated direct water-substrate interactions as well as water-bridging interactions. A water-bridging interaction was characterized by the occurrence of H-bonds connecting an amino acid residue and the substrate to the same water molecule. Expectedly, the MD simulations revealed the highest amount of direct water-substrate interactions with the solvent-exposed aromatic ring (O7 and H O7 ) of the substrate ( Supplementary Fig. S6 ). Solvating water interactions also occurred with the atoms of the substrate's glucose ring localized inside the binding cleft as well as with the glycosidic O atom (O1) ( Supplementary Fig. S6) . Specifically, the solvated bacterial BG revealed H-bonds between water molecules and the substrate atoms O4, O5, O6, H O4 , and H O6 and the solvated fungal BG displayed water interactions with the substrate atoms O3, O4, O5, O6, H O3 , H O4 , and H O6 .
With respect to water bridging interactions, we accounted between 634 and 2712 interactions involving 10 to 22 unique amino acid residues ( Fig. 7 and Supplementary Fig. S6 ). Fig. 6 illustrates the differences in the water-bridging profiles at the different pH conditions for each enzyme (Fig. 6 and Supplementary Fig. S6 ). The total sum of water-bridging interactions was the lowest at the catalytically-optimal pH of 6 for the bacterial enzyme ( Supplementary Fig. S7 ). The total number of water-bridging interactions formed in the fungal enzyme decreased as a function of increasing pH, spanning from 2712 water-bridges at pH 5 to 634 water-bridges at pH 7.5 ( Supplementary Fig. S7 ).
We also observed distinct water-bridging interaction patterns at the different pH conditions. With the bacterial enzyme, the two most abundant water-bridging interactions at pH 6 involved Lys 413 bacterial and Tyr 296 bacterial . Lys 413 bacterial is located outside of the immediate active site and only formed water-bridging interactions at pH 6. Tyr296 bacterial , which is located in the immediate active site, recorded a high abundance of water-bridging interactions (Fig. 6 ), but was found to rarely participate in direct H-bonding with the substrate (Supplementary Fig. S6 ). Glu406 bacterial , a residue within the immediate active site, was involved in the least abundant water-bridging interaction at pH 6 ( Fig. 7) . At other pH conditions, however, Glu406 bacterial water-bridging interactions occurred in high abundance, a pattern which closely follows the abundances of the direct H-bonding between Glu406 bacterial and the substrate (Figs. 5 and 6) . With respect to the fungal BG enzyme, the most abundant water-bridging interactions at pH 6 involved the residues Asp227 fungal and Ser337 fungal , both of which are outside of the immediate active site (Fig. 6) . These interactions occurred either uniquely (Asp227 fungal ) or in higher abundance (Ser337 fungal ) at pH 6, when compared with the simulations at the other pH conditions (Fig. 6 ). In addition, the lowest amount of water-bridging interactions at pH 6 occurred with Asn225 fungal , which is localized outside of the immediate active site; this low abundance was found in all pH conditions (Fig. 6) .
pH-dependent structural dynamics in the enzyme
The pH-dependent frequency patterns of both the direct substrate binding and water-bridging interactions suggested conformational changes of the enzymes' structures under different pH conditions . Correlated structural dynamics were monitored by examining the geometrical fluctuations (i.e. RMSD) of the residues involved in changes in ionization states, catalytic interactions, non-catalytic interactions, and water-bridging interactions ( Figs. 7 and 8) . Positive correlations between pairs of amino acid residues indicated that these residues are increasing or decreasing their displacement from their original location at similar times throughout the simulation. Negative correlations, conversely, indicated pairs of amino acid residues whose RMSD values moved in opposing directions at the same time. Our discussion is focused on significant RMSD correlations with either the acidic/basic Glu (Glu166 bacterial /Glu165 fungal ) or the nucleophilic Glu (Glu352 bacterial /Glu367 fungal ), which occurred uniquely at the optimal pH (pH 6) for enzymatic activity.
The MD simulations of the bacterial BG indicated fewer RMSD correlations at pH 6 than at any other simulated pH condition (Fig. 7) . The RMSD values of the residues His180 bacterial (a residue involved in water bridging) and Glu153 bacterial (an ionizable residue which becomes negative at pH 6), correlated positively with the acidic/basic Glu (Glu165 bacterial ) of the bacterial BG (Fig. 7) . No uniquely significant positive RMSD correlations were observed with the nucleophilic Glu residue (Glu352 bacterial ) at pH 6 ( Fig. 7) . Furthermore, no negative RMSD correlations were observed with both catalytic Glu residues at pH 6 ( Fig. 7) . By contrast to the correlation patterns of the structural dynamics in the bacterial enzyme, the corresponding correlation patterns for the fungal enzyme showed a large number of statistically-significant correlations at pH 6 ( Fig. 8) . Specifically, positive correlations between the RMSD fluctuations of the acidic/basic Glu165 fungal and those of Trp425 fungal and Tyr298 fungal (both involved in non-catalytic substrate binding) were only observed at pH 6 ( Fig. 8 ). In addition, the RMSD fluctuations of the nucleophilic Glu367 fungal were positively correlated with those of Trp425 fungal (non-catalytic) and Asp256 fungal (ionizable residue), and were negatively correlated with those of His127 fungal (ionizable residue) and Thr431 fungal (water-bridging residue) (Fig. 8) .
The correlation results (Figs. 7 and 8) thus illustrated that pH-induced conformational changes, which are evidently unique to the enzyme structure, can impact the correlated movement of proximal and distal amino acid residues ( Figs. 7 and 8) . Despite the fact that the amino acid residues in the substrate cleft are highly conserved, the fluctuations of neighboring amino acid residues in the active site did not always correlate with each other (Figs. 7 and 8) . Furthermore, structural fluctuations with residues in the substrate-binding cleft were significantly correlated with fluctuations of several residues (ionizable residues and water-bridging interaction residues) localized outside of the immediate active site. And, many of these correlations were found to be pH-and enzyme-dependent ( Figs. 7 and 8) .
Discussion
Changes in ionization states and disruption of substrate binding interactions
In Section 1, we put forth three hypotheses regarding how changes in pH may impact substrate binding dynamics. In strong support for the second hypothesis, our findings revealed that the specific residues, which were sensitive to changes in ionization states, were primarily localized on the surface of enzyme, and Fig. 6 . MD prediction of total amount of water-bridging interactions between the substrate and the bacterial BG (A) and the fungal BG (B) enzymes at the different pH values. Amino acids are listed (from left to right) according to their increasing participation in water-bridging interactions at pH 6. away from the active site; the only exception was a Glu localized in the active site of the bacterial BG. Mutations of amino acid residues on the surface of enzymes have been shown previously to result in a shift in the optimal pH for enzyme activity of an endocellulase (Wang et al., 2005) and an exocellulase (Wohlfahrt et al., 2003) from T. reesei but the mechanisms were not fully elucidated. The experiments with the exocellulase indicated that neighboring carboxyl-carboxyl pair repulsion destabilized the enzyme (Wohlfahrt et al., 2003) . In our simulations, the prominent ionizable residues were not located immediately next to each other. However, it was clear that the increasing negative charges arising from these residues (one Asp, five Glu, and four His residues in the bacterial enzyme; five Asp, three Glu, and four His residues in the fungal enzyme) as a function of increasing pH resulted in conformational changes in the enzyme (Table 1; Fig. 3 ). This led to alterations in the substrate binding interactions as evidenced by the pH-dependent frequency patterns of the H-bonding interactions (Figs. 4 and 5) . Our work thus provides for the identification of residues, which could be targeted in protein engineering towards improving enzymatic activity at unfavorable pH conditions.
In the bacterial BG enzyme, low abundances of the H-bonding interaction between the substrate and Glu166 bacterial (the acidic/basic Glu) at pH 5 was in agreement with the pH-activity profile (Jeng et al., 2011) (Fig. 4) . At the pH values higher than pH 6, the dynamics of this interaction did not correlate with the trend in activity reduction observed in experiments (Jeng et al., 2011) (Fig. 4 ). Correlation analysis indicated that the H O2 Á Á ÁGlu166 bacterial interaction may help align Glu166 in a favorable position for the catalytic interaction, Glu166 bacterial Á Á ÁO1, to occur at pH 6. Furthermore, the interaction of Glu166 bacterial with O1 of the substrate correlated positively with the interaction of Glu352 bacterial (the nucleophilic Glu) with H O2 of the substrate (Fig. 4) . This is consistent with the nucleophilic Glu aiding in the positioning of the substrate for the catalytic action, the protonation of O1, by the acidic/basic Glu residue. The correlation analysis further implies the participation of both Trp399 bacterial Á Á ÁO4 and H O4 Á Á ÁGlu406 bacterial in the destabilization of the GLU22  HIS240  ASP252  GLU286  HIS49  GLU370  GLU352  HIS121  ASN165  TYR296  TRP399  TRP325  LYS413  GLU406  GLU166  GLN20  GLU153  HIS340  HIS419  TRP407  GLU409  HIS180   GLU22   HIS240  ASP252  GLU286   HIS49   GLU370   GLU352   HIS121  ASN165  TYR296  TRP399   TRP325  LYS413   GLU406   GLU166   GLN20   GLU153   HIS340   HIS419   TRP407  GLU409  HIS180   GLU22  HIS240  ASP252  GLU286  HIS49  GLU370  GLU352  HIS121  ASN165  TYR296  TRP399  TRP325  LYS413  GLU406  GLU166  GLN20  GLU153  HIS340  HIS419  TRP407  GLU409  HIS180   GLU22   HIS240  ASP252  GLU286   HIS49   GLU370   GLU352   HIS121  ASN165  TYR296  TRP399   TRP325  LYS413   GLU406   GLU166   GLN20   GLU153   HIS340   HIS419   TRP407  GLU409  HIS180   GLU22  HIS240  ASP252  GLU286  HIS49  GLU370  GLU352  HIS121  ASN165  TYR296  TRP399  TRP325  LYS413  GLU406  GLU166  GLN20  GLU153  HIS340  HIS419  TRP407  GLU409  HIS180   GLU22   HIS240  ASP252  GLU286   HIS49   GLU370   GLU352   HIS121  ASN165  TYR296  TRP399   TRP325  LYS413   GLU406   GLU166   GLN20   GLU153   HIS340   HIS419   TRP407  GLU409  HIS180   GLU22  HIS240  ASP252  GLU286  HIS49  GLU370  GLU352  HIS121  ASN165  TYR296  TRP399  TRP325  LYS413  GLU406  GLU166  GLN20  GLU153  HIS340  HIS419  TRP407  GLU409  HIS180   GLU22   HIS240  ASP252  GLU286   HIS49   GLU370   GLU352   HIS121  ASN165  TYR296  TRP399   TRP325  LYS413   GLU406   GLU166   GLN20   GLU153   HIS340   HIS419   TRP407  GLU409  HIS180 A B D C Fig. 7 . Correlation matrices of amino acid-resolved structural dynamics of the bacterial BG enzyme at pH 5 (A), pH 6 (B), pH 7 (C), and pH 7.5 (D). The RMSD of each amino acid of interest was monitored over the course of the MD simulation. Positive, negative, non-significant, and self-pairing correlations are shown, respectively, in orange, blue, white, and gray squares. The bars alongside the residue labels designate residues that change ionization states (gray), catalytic residues (red), non-catalytic residue involved in direct substrate binding (black), residues involved in water-bridging interactions with the substrate (light blue).
catalytically-optimal substrate orientation in the binding site (Fig. 7) .
In contrast, the MD simulations of the fungal BG indicated the highest abundance of H-bond between the nucleophilic Glu (Glu367 fungal ) and the substrate at pH 7 and pH 7.5 whereas there was a low abundance of H-bond between the acidic/basic Glu (Glu165 fungal ) and the substrate O1 atom (Fig. 5 ). Thus, a conformational arrangement in which strong interactions of the substrate with the nucleophilic Glu367 did not lead to a favorable orientation of the substrate for the H-bonding interaction with the acidic/basic Glu and the O1 of the substrate. Because it was determined that the fungal BG exhibited decreasing activity at pH greater than 6 (Jeng et al., 2011) , these simulation results implied that the H-bond interaction involving Glu367 fungal may be a barrier for catalysis in the fungal enzyme. Our correlation analysis indicated the supporting participation of H O2 Á Á ÁGlu165 fungal for the occurrence of the acidic/basic Glu166 fungal Á Á ÁO1 interaction ( Figs. 6 and 8) . Additionally, our dynamics results are consistent with the role of the Gln16 fungal Á Á ÁO4, Trp417 fungal Á Á ÁO4, and Asn164 fungal Á Á ÁO2 interactions in impeding the favorable catalytic interactions (Fig. 8) .
The relatively low abundance of the catalytic acidic/basic Glu interaction with O1, in comparison to several non-catalytic interactions suggests a predominant involvement of non-catalytic interactions with the highly conserved amino acid residues in the initial substrate binding. In sum, the MD predictions of the pH-dependent interactions between the substrate and the non-catalytic amino acid residues in the substrate binding cleft provided further insights on the consequence pH on favorable substrate binding.
Water molecules in the stabilization of substrate binding
Water molecules have been shown to be essential in stabilizing the transition state and in the removal of the retained portion of the cleaved substrate in the BG hydrolysis pathway ( GLN16   GLU18  HIS127  ASP142  GLU144  HIS194  ASP105  ASP227  ASP256  HIS287  HIS305  GLU367  HIS119  ASN164  TYR298  GLU424  TRP425  ASP427  CYS168  TRP417  PHE179  SER337  TRP339  ALA426  THR431  ASN225  ASN296  GLU244  GLU165  ASP121  GLN16   GLU18   HIS127  ASP142  GLU144  HIS194   ASP105   ASP227   ASP256  HIS287  HIS305   GLU367   HIS119  ASN164  TYR298   GLU424  TRP425  ASP427  CYS168   TRP417   PHE179   SER337  TRP339  ALA426  THR431   ASN225  ASN296   GLU244   GLU165   ASP121   GLN16   GLU18  HIS127  ASP142  GLU144  HIS194  ASP105  ASP227  ASP256  HIS287  HIS305  GLU367  HIS119  ASN164  TYR298  GLU424  TRP425  ASP427  CYS168  TRP417  PHE179  SER337  TRP339  ALA426  THR431  ASN225  ASN296  GLU244  GLU165  ASP121  GLN16   GLU18  HIS127  ASP142  GLU144  HIS194  ASP105  ASP227  ASP256  HIS287  HIS305  GLU367  HIS119  ASN164  TYR298  GLU424  TRP425  ASP427  CYS168  TRP417  PHE179  SER337  TRP339  ALA426  THR431  ASN225  ASN296  GLU244  GLU165  ASP121  GLN16   GLU18   HIS127  ASP142  GLU144  HIS194   ASP105   ASP227   ASP256  HIS287  HIS305   GLU367   HIS119  ASN164  TYR298   GLU424  TRP425  ASP427  CYS168   TRP417   PHE179   SER337  TRP339  ALA426  THR431   ASN225  ASN296   GLU244   GLU165   ASP121   GLN16   GLU18   HIS127  ASP142  GLU144  HIS194   ASP105   ASP227   ASP256  HIS287  HIS305   GLU367   HIS119  ASN164  TYR298   GLU424  TRP425  ASP427  CYS168   TRP417   PHE179   SER337  TRP339  ALA426  THR431   ASN225  ASN296   GLU244   GLU165   ASP121   GLN16   GLU18  HIS127  ASP142  GLU144  HIS194  ASP105  ASP227  ASP256  HIS287  HIS305  GLU367  HIS119  ASN164  TYR298  GLU424  TRP425  ASP427  CYS168  TRP417  PHE179  SER337  TRP339  ALA426  THR431  ASN225  ASN296  GLU244  GLU165  ASP121  GLN16 A B D C Fig. 8 . Correlation matrices of amino acid-resolved structural dynamics of the fungal BG enzyme at pH 5 (A), pH 6 (B), pH 7 (C), and pH 7.5 (D). The RMSD of each amino acid of interest was monitored over the course of the MD simulation. Positive, negative, non-significant, and self-pairing correlations are shown, respectively, in orange, blue, white, and gray squares. The bars alongside the residue labels designate residues that change ionization states (gray), catalytic residues (red), non-catalytic residue involved in direct substrate binding (black), residues involved in water-bridging interactions with the substrate (light blue). waters in substrate binding of BGs (Chuenchor et al., 2011) . In structures of BGs co-crystallized with a bound substrate, several water molecules were localized in the active site as well as within interaction distance of the glycosidic O atom (Badieyan et al., 2012) . A QM/MM modeling reported greater energy contribution of water interactions during stabilization of the intermediate in the active site than during the substrate binding (Badieyan et al., 2012) . This QM/MM computation was based on the static position of the water molecules in BG's active site (Badieyan et al., 2012) . By modeling explicitly the solvated waters in our MD simulations, we were able to monitor the dynamic interactions of water molecules with the substrate.
In agreement with our third hypothesis, our simulations revealed a pH-dependent network of water-bridging interactions between the substrate and amino acid residues inside and outside of the immediate active site (Fig. 7) . We note that Lys 413 bacterial , Asp227 fungal , Ser337 fungal , all of which are located outside of the active site, were able to participate in substrate binding through water-bridging connections (Fig. 6 ). In addition to the solvation of the solvent-exposed aromatic ring of the substrate, there were water-bridging interactions with several atoms of the substrate ring localized within the pocket of the binding cleft ( Supplementary Fig. S5 ). This is apparently the first time that these interactions have been reported for BG substrate binding.
These findings corroborate a greater and more dynamic role of water molecules in substrate stabilization than previously thought. For instance, Tyr296 bacterial , found in the immediate active site of the bacterial BG, infrequently interacted directly with the substrate at pH 6, but participated in a large amount of water-bridging interactions. This is consistent with a conformational arrangement of the active site wherein Tyr296 bacterial does not interact directly with the substrate but still adopts an orientation that allows for multiple water-bridging interactions ( Figs. 4 and 6) . On the other hand, Glu406 bacterial , a residue in the immediate active site of the bacterial BG, participated in markedly low abundances in both direct and water-bridging interactions with the substrate at pH 6 whereas were abundant at other pH values, thus presenting a conformation of the enzyme in which either direct or water-bridge interactions between Glu406 bacterial and the substrate were not critical. Connections between water-bridging interaction abundances and direct residue-substrate interactions were less evident in the fungal BG simulations. Water bridging profiles thus expand our view of which amino acids are involved in substrate stabilization.
Implications and caveats
We conducted MD simulations to gain insights on the effects of pH on the substrate binding dynamics, the initial step of catalysis, in two family 1 BG enzymes from T. reesei and C. cellulovorans. Experimental determinations of structures for one BG enzyme are obtained typically at one aqueous pH condition that yields the best crystals (Jeng et al., 2011 (Jeng et al., , 2012 . Therefore, it is challenging to resolve the structural dynamics underlying the pH-dependent BG catalytic action on the substrate, albeit it is well known that enzymatic activity of BGs and related enzymes is influenced significantly by the aqueous pH conditions (Jeng et al., 2011; Zibaee et al., 2009; Yan and Wu, 2013) . Furthermore, the direct experimental characterization of the role of interacting water molecules in BG substrate binding is limiting (Badieyan et al., 2012) , necessitating complementary insights from molecular modeling. Our computational study presents the first molecular perspective on the consequence of pH-dependent conformational changes on substrate-binding interactions in BGs.
Changes in ionizable residues on the enzyme surface induced disruptive changes in the favorable conformation for substrate binding interactions with the catalytic residues. Our findings further demonstrated that the role of the catalytic nucleophilic Glu residue in either facilitating or disrupting the catalytic substrate binding by the acidic/basic Glu was dependent on the enzyme structure and the pH condition. In addition, we identified substrate binding interactions with specific non-catalytic residues which may be unfavorable for the forwarding steps in catalytic pathway. The explicit solvation identified several water-bridging interactions, which were important at the optimal pH for enzyme activity, were disrupted at other pH values due to structural re-arrangements in the enzyme conformation. Furthermore, correlation analysis of amino acids' movements indicated that the synchronicity (or lack thereof) of pH-dependent geometrical fluctuations in a network of amino acids, which were localized both outside and inside the substrate binding cleft, was responsible for the substrate binding specificity.
The relevance of our findings should be considered in relation to two important factors. First, we conducted our analysis using equilibrated structures obtained during short-time dynamics conducted for several nanoseconds. We have also performed longer simulations (at 200 ns), which are typical in MD simulation studies. However, our findings revealed that long-time simulations are not appropriate to probe the substrate binding, especially under unfavorable pH conditions. In such conditions, we found that the substrate migrated outside the substrate binding cleft and interacted with residues on the periphery of the active site. Our findings thus indicated that, in order to increase the sampling set of substrate interactions specifically in the active site, a more appropriate approach is to equilibrate a range of docked substrate structures for short-time dynamics time. Future explorations of the substrate affinity to residues outside of the active site will provide insights into the influence of pH on the tunneling pathway of the substrate towards the active site. Second, an evaluation of the pH-dependent structural dynamics on the entire catalytic reaction pathway is requisite to a comprehensive understanding of the structural basis for the pH-dependent activity of BGs. The present study provides an account of the pH-dependent substrate binding interactions in response to pH-induced conformational dynamics, thus laying the foundation for future investigations on the influence of pH on the subsequent steps in the catalytic pathway.
